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GRID-INTERCONNECTED POWER
CONVERTER

TECHNICAL FIELD

The present invention relates to a power converter that is
used in, for example, a distributed power supply and that is
interconnected with an electrical grid.

BACKGROUND ART

In recent years, power supply systems utilizing distributed
power supplies, such as gas engine generators and fuel cells,
are drawing increasing attention. For example, there is one
proposed system that uses a power generator called a
distributed power supply mentioned above to supply electric
power from the power generator to a plurality of electrical
loads in a particular area (see Patent Literature 1 and Patent
Literature 2, for example).

It is often the case that such a system, which is also called
a microgrid, is configured such that a power system therein
is connected not only to the aforementioned power generator
but also to an energy storage that includes, for example, a
secondary battery. The energy storage is provided for com-
pensating for fluctuations in power generation by the power
generator as well as load fluctuations. There is also a case
where the power system is an AC power system, but the
power generator is a DC power generator. In this case, a
power converter for AC-DC power conversion is necessary.
In such a system where a distributed power supply is
utilized, self-sustained operation in which the system is
operated independently of a commercial electrical grid, and
interconnected operation in which the system is operated
while being interconnected with a commercial electrical
grid, are both taken into consideration. It is important to
realize stable power supply in both of these operations. Also,
the power converter is required to have functions that make
such stable power supply possible.

In view of the above, the applicant of the present appli-
cation has recently developed a technique of controlling a
power converter that has characteristics equivalent to those
of a grid-interconnected power generator (i.e., a power
converter including a generator model). The applicant has
proposed a power converter that realizes: stable power
supply not only in the interconnected operation but also in
the self-sustained operation; and uninterrupted transition
from the interconnected operation to the self-sustained
operation. Patent Literature 3 discloses a power converter
whose control system incorporates, as a generator model, a
differential equation called Park’s equation in which the
dynamics of a power generator are written. Patent Literature
4 also discloses a conventional power converter. In Patent
Literature 4, a generator model is represented by a phasor
diagram, and thereby the dynamics of a power generator are
simplified. Such a simplified generator model is incorpo-
rated in a control system of the power converter.

CITATION LIST
Patent Literature

PTL 1: Japanese Laid-Open Patent Application Publication
No. 2009-081942

PTL 2: Japanese Laid-Open Patent Application Publication
No. 2011-155795

PTL 3: Japanese Laid-Open Patent Application Publication
No. 2009-225599

PTL 4: Japanese Laid-Open Patent Application Publication
No. 2012-143018
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2
SUMMARY OF INVENTION

Technical Problem

However, the power converter disclosed in Patent Litera-
ture 3 has a problem in that since the generator model
includes a differential equation system called Park’s equa-
tion for simulating an actual power generator, a control
circuit or control program becomes complex.

In the power converter disclosed in Patent Literature 4,
the input stage of the control system is provided with a PLLL
circuit for use in detecting a system frequency. However,
since the PLL circuit has a control time lag, the work of
determining a response time and adjustment of a time
constant are necessary, requiring highly advanced expertise.
Furthermore, when a variation in system voltage occurs due
to a load fluctuation or system failure, since the PLL circuit
is susceptible to the influence thereof, there is a case where
a phenomenon similar to a step out of an actual power
generator occurs in the generator model. In this case,
expected continuous operation is hindered.

The present invention has been made to solve the above-
described problems. An object of the present invention is to
provide a power converter having characteristics equivalent
to those of a power generator, the power converter not using
a PLL circuit for use in detecting a system frequency and
capable of continuous operation regardless of a variation in
system voltage or frequency.

Solution to Problem

In order to solve the above-described problems, a power
converter according to one aspect of the present invention
includes: a power conversion unit configured to convert DC
power inputted thereto into AC power, and output the AC
power to an output line connected to a power system; and a
control unit configured to control the power conversion unit
such that the power conversion unit operates as a virtual
synchronous generator. The control unit includes: an AVR
model unit configured to perform arithmetic operation,
based on reactive power and an output voltage that are
outputted from the power conversion unit to the output line,
a reactive power command value, and a voltage command
value, to obtain an induced voltage of the virtual synchro-
nous generator in accordance with a deviation of the output
voltage from the voltage command value; a governor and
driving source model unit configured to perform arithmetic
operation, based on active power outputted from the power
conversion unit to the output line, an active power command
value, an angular velocity command value, and an angular
velocity of a rotor of the virtual synchronous generator, to
obtain a driving torque of a virtual driving source in accor-
dance with a deviation of the angular velocity from the
angular velocity command value, the virtual driving source
driving the virtual synchronous generator; a power genera-
tion torque arithmetic operation unit configured to perform
arithmetic operation, based on the induced voltage obtained
through the arithmetic operation by the AVR model unit and
either a g-axis current command value or a g-axis compo-
nent of an output current of the power conversion unit, to
obtain a power generation torque of the virtual synchronous
generator; a rotation angle arithmetic operation unit config-
ured to perform arithmetic operation to obtain an accelera-
tion torque of the rotor of the virtual synchronous generator
in a manner to subtract the power genera-
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tion torque obtained through the arithmetic operation by the
power generation torque arithmetic operation unit from the
driving torque obtained through the arithmetic operation by
the governor and driving source model unit, and perform
arithmetic operation based on at least the acceleration torque
and inertia of the rotor of the virtual synchronous generator to
obtain the angular velocity and a rotation angle of the rotor of
the virtual synchronous generator; a voltage d-q conversion
unit configured to perform arithmetic operation, with use of
the rotation angle obtained through the arithmetic operation
by the rotation angle arithmetic operation unit, to obtain a
d-axis component and a g-axis component of an output volt-
age of the power conversion unit; a generator model unit
configured to perform arithmetic operation, with use of an
algebraic expression that is specified by a phasor diagram
representing a relationship among an induced voltage, a
phase voltage, and a line current of a synchronous generator,
and based on the induced voltage obtained through the arith-
metic operation by the AVR model unit and the d-axis com-
ponent and the g-axis component of the output voltage
obtained through the arithmetic operation by the d-q conver-
sion unit, to obtain a d-axis current command value and the
g-axis current command value corresponding to a d-axis com-
ponent and a g-axis component of an armature current of the
virtual synchronous generator; and a power conversion con-
trol unit configured to control the power conversion unit to
output a current corresponding to the d-axis current command
value and the g-axis current command value obtained through
the arithmetic operation by the generator model unit. In a case
where a transformer is present on the output line, the meaning
of the terms “output voltage of the power conversion unit”
and “output current of the power conversion unit” herein
include not only a voltage and a current at the primary side of
the transformer, but also a voltage and a current at the sec-
ondary side of the transformer. The reason for this is that the
voltage and the current at the secondary side of the trans-
former are merely a result of conversion of'a voltage value and
a current value of electric power directly outputted from the
power conversion unit, the conversion being performed in
accordance with the winding number ratio between the pri-
mary winding and the secondary winding. The wording “per-
form arithmetic operation” includes the meaning of “perform
calculation” by software and the meaning of “perform ana-
logue arithmetic operation” by hardware (e.g., an electronic
circuit).

According to this configuration, characteristics equivalent
to those of a power generator are realized by the generator
model unit, which models a steady state of the virtual syn-
chronous generator by using a phasor diagram. As aresult, the
control system of the power converter is simplified. The gov-
ernor and driving source model unit performs arithmetic
operation to obtain the driving torque of the virtual driving
source in accordance with a frequency deviation (i.e., a devia-
tion of the angular velocity of the rotor of the virtual synchro-
nous generator). The power generation torque arithmetic
operation unit performs arithmetic operation to obtain the
power generation torque of the virtual synchronous generator
in accordance with a load current (i.e., the g-axis current
command value or the g-axis component of the output cur-
rent). The rotation angle arithmetic operation unit performs
arithmetic operation to obtain the acceleration torque of the
rotor of the virtual synchronous generator in a manner to
subtract the power generation torque from the driving torque.
Then, the generator model performs arithmetic operation,
based on the d-axis component and the g-axis component of
the output voltage, which are calculated by using the rotation
angle, and the induced voltage obtained through the arith-
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4

metic operation by the AVR model unit, to obtain a g-axis
current command value that causes a load current correspond-
ing to the rotation angle to be outputted. Therefore, for
example, if the rotation angle of the rotor of the virtual syn-
chronous generator increases due to any external disturbance,
then the g-axis current command value increases, accord-
ingly. This causes an increase in power generation torque and
decrease in acceleration torque of the virtual synchronous
generator. Consequently, the rotation angle of the rotor of the
virtual synchronous generator decreases. Thus, even if an
external disturbance has occurred, the virtual synchronous
generator tends to maintain a certain rotation angle of the
rotor. That is, in the control unit, synchronizing power is
exerted in a manner similar to that of a synchronous generator.
Thus, even if a phase variation has occurred in the power
system, the rotation angle of the rotor of the virtual synchro-
nous generator can be caused to follow the phase of the
voltage of the power system owing to the synchronizing
power. This makes continuous operation possible even with-
out a PLL circuit.

The control unit may further include a power generation
torque damping unit configured to damp a vibration of the
power generation torque obtained through the arithmetic
operation by the power generation torque arithmetic opera-
tion unit, and output the power generation torque to the rota-
tion angle arithmetic operation unit.

According to this configuration, virtual damping winding
of'a synchronous generator is realized in the virtual synchro-
nous generator. Therefore, oscillation of the rotor of the vir-
tual synchronous generator is reduced, and thus a damping
effect can be obtained. The damping unit may be configured
as a filter or a phase lead compensator, for example.

The control unit may further include a voltage limiting unit
configured to limit values of the d-axis component and the
g-axis component of the output voltage, which are fed to the
generator model unit via the voltage d-q conversion unit, to
predetermined values.

According to this configuration, even if the system voltage
(output voltage) has varied greatly, parameter values of the
virtual synchronous generator are prevented from varying
greatly to deviate from a range within which a power genera-
tor operates stably. This makes it possible to avoid the occur-
rence of a step out and makes continuous operation possible.
The limiting of the output voltage may be performed either
before or after d-q conversion.

The control unit may further include a current limiting
control unit configured to perform control to limit the d-axis
and g-axis current command values obtained through the
arithmetic operation by the generator model to be within a
predetermined range.

According to this configuration, even if a phenomenon
occurs, in which the current at the time of voltage variation
becomes greater than the current in a steady state, the capacity
of the power converter will not be exceeded. This makes
continuous operation with no operation stop possible.

Advantageous Effects of Invention

The present invention makes it possible to provide a power
converter having characteristics equivalent to those of a
power generator, the power converter not using a PLL circuit
for use in detecting a system frequency and capable of con-
tinuous operation regardless of a variation in system voltage
or frequency.

The above object, other objects, features, and advantages
of the present invention will be made clear by the following
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detailed description of preferred embodiments with reference
to the accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is block diagram showing an example of the con-
figuration of a microgrid in which a power converter accord-
ing to Embodiment 1 of the present invention is used.

FIG. 2 is an equivalent circuit of a modeled virtual syn-
chronous generator included in a control unit of the power
converter of FIG. 1.

FIG. 3 is a phasor diagram representing a relationship
among an induced voltage, a phase voltage, and a line current
in the equivalent circuit of the virtual synchronous generator
of FIG. 2.

FIG. 41is an equivalent block diagram when the control unit
of the power converter of FIG. 1 performs control.

FIG. 5 is a phasor diagram representing a relationship
among an induced voltage, a phase voltage, and a line current
in the equivalent block diagram of FIG. 4.

FIG. 6 is an equivalent block diagram when a control unit
of a power converter according to Embodiment 2 of the
present invention performs control.

FIGS. 7A and 7B are graphs each showing results of a
simulation by the power converter of FIG. 6.

FIG. 8 is an equivalent block diagram when a control unit
of a power converter according to Embodiment 3 of the
present invention performs control.

FIGS. 9A and 9B are graphs each showing results of a
simulation by the power converter of FIG. 8.

FIG. 10 is an equivalent block diagram when a control unit
of a power converter according to Embodiment 4 of the
present invention performs control.

FIGS. 11A and 11B are graphs each showing results of a
simulation by the power converter of FIG. 10.

DESCRIPTION OF EMBODIMENTS

Hereinafter, embodiments of the present invention are
described with reference to the drawings. In the drawings, the
same or corresponding elements are denoted by the same
reference signs, and repeating the same descriptions is
avoided below.

Embodiment 1
Configuration

FIG. 1 is a block diagram showing an example of the
configuration of a microgrid in which a power converter
according to Embodiment 1 of the present invention is used.

As shown in FIG. 1, aload 11 and a DC power supply 1 are
connected to a power distribution line (AC electrical path) 9
of'a microgrid (small-scale power distribution network). The
DC power supply 1 is connected to the power distribution line
9 via a power converter PC and an output line 2. Examples of
the DC power supply 1 include a DC power generator and a
secondary battery. Examples of the DC power generator
include a solar cell, a fuel cell, and an AC power generator
including a rectifier (e.g., a gas turbine generator or an engine
generator). The DC power supply 1 and the power converter
PC form an AC power supply device. A microgrid controller
(not shown) that performs integral management of the micro-
grid is installed in the area of the microgrid based on settings
made by a business operator operating the microgrid. The AC
power supply device and the load 11 connected to the power
distribution line 9 of the microgrid are provided with respec-
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tive monitoring units monitoring them (e.g., electric power
measurement devices: not shown). Each monitoring unit can
communicate with the microgrid controller via, for example,
a signal line (not shown). The microgrid controller receives a
monitored state (measurement value) from each monitoring
unit, and in accordance with each monitored state, transmits a
command value to the AC power supply device, such as an
output power target value. Such command values are preset
(i.e., preprogrammed) by the business operator, such that the
command values are determined in accordance with the
monitored states from the monitoring units.

The microgrid may be in a mode in which the microgrid is
operated independently of a commercial electrical grid (a
large-scale electrical grid) without being interconnected
therewith (hereinafter, this mode is referred to as an “inde-
pendent mode™) or in a mode in which the microgrid is oper-
ated while being interconnected with a commercial electrical
grid (hereinafter, this mode is referred to as an “intercon-
nected mode”). In the case of the interconnected mode, the
power distribution line 9 of the microgrid is connected to the
commercial electrical grid via, for example, a breaker (not
shown). At the time, the power converter PC of the AC power
supply device performs interconnected operation.

While the microgrid is in the interconnected mode, if, for
example, an abnormality has occurred in the commercial
electrical grid, then the breaker is opened and thereby the
microgrid is in the same state as in the independent mode.
Opening and closing of the breaker are controlled by, for
example, a control system (not shown) of the commercial
electrical grid. At the time, based on changes in the frequency
and voltage of the output line, the power converter PC of the
AC power supply device detects a state of independent opera-
tion, and opens a switch (not shown) to shift to self-sustained
operation. Hereinafter, unless it is mentioned that the micro-
grid is in the independent mode, it is assumed that the micro-
grid is operated in the interconnected mode, and the power
converter PC is performing interconnected operation.

The AC power supply device is connected to the power
distribution line 9 of the microgrid via a transformer 8. The
power converter PC according to the present embodiment
forms the AC power supply device together with the DC
power supply 1. The power converter PC herein includes: a
power conversion unit 3 configured to convert input DC
power into AC power, and output the AC power to the output
line 2, which is connected to a power system; current sensors
(current measuring PCs) 4 configured to detect three-phase
(phase a, phase b, phase ¢) output currents ia, ib, ic outputted
from the power conversion unit 3; output reactors 5; and
voltage sensors (voltage measuring PTs) 6 configured to
detect output voltages va, vb, vc of the respective phases
(phase a, phase b, phase c¢); filter capacitors 7; and a control
unit 12 configured to control the power conversion unit 3. It
should be noted that in order to control the microgrid, the
power converter PC may be provided with a voltage sensor
(not shown) detecting the voltage of the DC power supply 1.
The number of phases of each of the distribution line 9 and the
output line 2 is not limited. Each voltage sensor (voltage
measuring PT) 6 herein detects a voltage at the secondary side
of the transformer 8. However, as an alternative, the voltage
sensor 6 may detect a voltage at the primary side.

For example, the power conversion unit 3 is formed by six
switching elements 3a to 3f, to each of which a diode is
connected in an antiparallel manner. The power conversion
unit 3 is formed by semiconductor elements. For example,
IGBTs are used as the switching elements 3a to 3f. The
control unit 12 outputs, to the power conversion unit 3, a
control signal (PWM signal) to be inputted to a control ter-
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minal of each of the switching elements 3a to 3f'(e.g., to the
gate terminal of each of the IGBTSs) to turn on or off each of
the switching elements 3a to 3f, thereby causing the power
conversion unit 3 to function as an inverter.

The control unit 12 is configured to control the power
conversion unit 3 such that the power conversion unit 3 oper-
ates as a virtual synchronous generator. In other words, the
virtual synchronous generator is assumed to include: a power
generator; an AVR (automatic voltage regulator) configured
to control an induced voltage of the power generator; a driv-
ing source driving the power generator; and a governor. The
control unit 12 includes a generator model unit 30, an AVR
model unit 70, and a governor and driving source model unit
80. The generator model unit 30 defines an input/output rela-
tionship of the assumed power generator. The AVR model
unit 70 defines an input/output relationship of the assumed
AVR. The governor and driving source model unit 80 defines
an input/output relationship of the assumed driving source
and governor. Specifically, the generator model unit 30 is an
arithmetic operation unit configured to perform arithmetic
operation to obtain an output in response to an input to the
power generator. The AVR model unit 70 is an arithmetic
operation unit configured to perform arithmetic operation to
obtain an output in response to an input to the AVR. The
governor and driving source model unit 80 is an arithmetic
operation unit configured to perform arithmetic operation to
obtain an output in response to inputs to the driving source
and the governor. Further, in the present embodiment, the
controlunit 12 includes: a power generation torque arithmetic
operation unit 40 configured to calculate a power generation
torque T, of the virtual synchronous generator; a rotation
angle arithmetic operation unit 50 configured to calculate, for
example, a rotation angle 0 of a rotor of the virtual synchro-
nous generator; a voltage d-q conversion unit 60 configured to
calculate a d-axis component V_;and a q-axis componentV
of'the output voltage of the power conversion unit 3; a current
d-q conversion unit 10 configured to calculate a d-axis com-
ponent and a g-axis component of the output current of the
power conversion unit 3; and a power conversion control unit
20 configured to control the power conversion unit 3 to output
a current corresponding to a current command value calcu-
lated by the virtual synchronous generator. The meaning of
the terms “output voltage of the power conversion unit 3” and
“output current of the power conversion unit 3” herein include
not only a voltage and a current at the primary side of the
transformer 8 present on the output line 2, but also a voltage
and a current at the secondary side of the transformer 8.

The control unit is configured as, for example, an arith-
metic operation device such as an FPGA (field programmable
gate array), a PLC (programmable logic controller), or a
microcontroller. The generator model unit 30, the power con-
version control unit 20, and the like are function blocks,
which are realized when the arithmetic operation device
executes a program stored therein.

Next, the configuration of the control unit 12 is described in
detail. It should be noted that, in the description below, an
adder, a subtracter, and an adder-subtracter are each simply
referred to as an adder-subtracter.

The control unit 12 includes the generator model unit 30,
the AVR model unit 70, the governor and driving source
model unit 80, the power generation torque arithmetic opera-
tion unit 40, the rotation angle arithmetic operation unit 50,
the current d-q conversion unit 10, the voltage d-q conversion
unit 60, and in addition, a power detection unit, etc., which are
notshown. For example, the power detection unit receives the
output currents ia, ib, ic detected by the current sensors 4 and
the output voltages va, vb, vc detected by the voltage sensors
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6, and calculates active power P and reactive power Q from
these output currents and voltages. The power detection unit
outputs the calculated active power P to the governor and
driving source model unit 80, and outputs the calculated
reactive power Q to the AVR model unit 70. It should be noted
that the power detection unit may detect the active power by
means of, for example, a power meter provided on the output
line 2.

Based on active power P outputted from the power conver-
sion unit 3 to the output line 2, an active power command
value P*, an angular velocity command value w*, and an
angular velocity wj of the rotor of the virtual synchronous
generator, the governor and driving source model unit 80
calculates (by performing arithmetic operation) a driving
torque T,, of a virtual driving source in accordance with a
deviation of the active power P from the active power com-
mand value P* and a deviation of the angular velocity m from
the angular velocity command value w*, the virtual driving
source driving the virtual synchronous generator. Specifi-
cally, the active power command value P* and the angular
velocity command value w* are inputted to the governor and
driving source model unit 80 from outside (in this example,
from the microgrid controller). In addition, the active power P
is inputted from the power detection unit, and the angular
velocity wy is inputted from the rotation angle arithmetic
operation unit 50, which will be described below. An adder-
subtracter 81 outputs, to a droop block 82, a value obtained by
subtracting the active power P from the active power com-
mand value P*. The droop block 82 outputs, to an adder-
subtracter 83, a value that is obtained by performing prede-
termined arithmetic operation on the output from the adder-
subtracter 81 in accordance with drooping characteristics of
the governor (e.g., a value obtained by multiplying the output
from the adder-subtracter 81 by a gain K, which is a real
constant). The adder-subtracter 83 outputs, to a PI control
block 84, a value that is obtained by subtracting the angular
velocity w, from the sum of the angular velocity command
value w* and the output value of the droop block 82. The PI
control block 84 performs proportional-integral compensa-
tion on the output from the adder-subtracter 83 by means of,
for example, a PI regulator. The PI control block 84 is a
simulated response lag of the governor and the driving source.
It should be noted that, alternatively, the PI control block 84
may only perform proportional compensation. A driving
torque output unit 85 converts the output from the PI control
block 84 into a driving torque T,, of the virtual driving source
(e.g., a gas turbine) (for example, by multiplying the output
by a predetermined coefficient), and outputs the driving
torque T,, to the rotation angle arithmetic operation unit 50.

The rotation angle arithmetic operation unit 50 subtracts
the power generation torque T, calculated by the power gen-
eration torque arithmetic operation unit 40 from the driving
torque T,, calculated by the governor and driving source
model unit 80, thereby calculating an acceleration torque T of
the rotor of the virtual synchronous generator. Based on at
least the acceleration torque T and the inertia of the rotor of
the virtual synchronous generator, the rotation angle arith-
metic operation unit 50 calculates the angular velocity wz and
the rotation angle 6 of the rotor of the virtual synchronous
generator.

Specifically, adder-subtracters 51 and 52 subtract the
power generation torque T, inputted from the power genera-
tion torque arithmetic operation unit 40 and a friction torque
inputted from a damping block 53 from the driving torque T,,,,
and outputs a value obtained from the subtraction to a unit
inertia constant block 54. The unit inertia constant block 54
performs predetermined arithmetic processing by using the
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output from the adder-subtracter 52 and a unit inertia constant
J, simulating the inertia of the rotor, thereby calculating the
angular velocity wy of the rotor of the virtual synchronous
generator, and outputs the calculated angular velocity wy to
an integrator 55, the adder-subtracter 83, and the damping
block 53. The damping block 53 performs predetermined
arithmetic operation by using the angular velocity w, of the
rotor and a damper coefficient D, simulating the kinetic fric-
tion of the rotor, thereby calculating a friction torque, and
outputs the calculated friction torque to the adder-subtracter
52. It should be noted that in the case of simplifying the
arithmetic operation of calculating the angular velocity w of
the rotor, the damping block 53 may be eliminated. The
integrator 55 integrates the inputted rotor angular velocity w,
to calculate the rotation angle 0, of the rotor of the virtual
synchronous generator, and outputs the rotation angle 0 to
the voltage d-q conversion unit 60, the current d-q conversion
unit 10, and a d-q inverse transformation unit 25.

Based on reactive power Q and an output voltage V_ out-
putted from the power conversion unit 3 to the output line 2,
a reactive power command value Q*, and a voltage command
value V*, the AVR model unit 70 calculates an induced volt-
age B, of the virtual synchronous generator in accordance
with a deviation of the reactive power Q from the reactive
power command value Q* and a deviation of the output
voltage V, from the voltage command value V*.

Specifically, the reactive power command value Q* and the
voltage command value V* are inputted to the AVR model
unit 70 from outside (in this example, from the microgrid
controller). In addition, the reactive power Q is inputted from
the power detection unit, and an effective voltage V is input-
ted from an effective voltage arithmetic operation unit (not
shown). The effective voltage arithmetic operation unit herein
calculates the effective voltage V, from V_, and V, calcu-
lated by the voltage d-q conversion unit 60, by using an
equation below.

[Math. 1]

Vg:‘ ng2+ ng2 (6]

The power detection unit calculates the reactive power Q

fromV, ,V,, and i, i, by using an equation below.

[Math. 2]

0=Vl @
Itshould benoted thatV,,, V, ,andi,, i,in the equations (1)
and (2) are calculated in a manner that will be described
below.

An adder-subtracter 71 outputs, to a droop block 72, a
value that is obtained by subtracting the reactive power Q
from the reactive power command value Q* (i.e., a reactive
power deviation). The droop block 72 outputs, to a block 74,
a value that is obtained by performing predetermined arith-
metic operation on the output from the adder-subtracter 71 in
accordance with drooping characteristics of the AVR (e.g., a
value obtained by multiplying the output from the adder-
subtracter 71 by a gain K, which is a real constant). The
block 74 imparts a first-order lag to the output from the droop
block 72, and outputs a resulting value to an adder-subtracter
73. The reason for imparting the first-order lag is to prevent a
response to the reactive power deviation from being sensitive.
Meanwhile, the voltage command value V* is inputted to the
adder-subtracter 73. The adder-subtracter 73 sums the output
from the block 74 and the voltage command value V¥, then
subtracts the effective voltage V,, from the value of the sum,
and outputs a resulting value (i.e., a voltage deviation incor-
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porating the reactive power deviation) to a PI control block
75. The PI control block 75 performs proportional-integral
compensation on the output from the adder-subtracter 73 by
means of, for example, a PI regulator to calculate the induced
voltage E; and outputs the calculated induced voltage E,to
the generator model unit 30 and the power generation torque
arithmetic operation unit 40.

Based on the induced voltage B, calculated by the AVR
model unit 70 and the d-axis component V_, and the g-axis
componentV, ofthe output voltage calculated by the voltage
d-q conversion unit 60, the generator model unit 30 calculates
a d-axis current command value i,* and a g-axis current
command value i,* corresponding to the d-axis component
and the g-axis component of an armature current of the virtual
synchronous generator. The generator model unit 30 simu-
lates asynchronous generator by using an algebraic expres-
sion specified by a phasor diagram. Hereinafter, a specific
description of the generator model unit 30 according to the
present embodiment is given.

FIG. 2 is an equivalent circuit of a modeled virtual syn-
chronous generator included in the control unit 12 of the
power converter of FIG. 1. As shown in the equivalent circuit
of FIG. 2, the virtual synchronous generator is modeled by
using: the induced voltage E which is generated by a field
magnet of the virtual synchronous generator; an impedance
of the virtual synchronous generator based on a winding
reactance x and a winding resistance r of a virtual armature of
the virtual synchronous generator; and a voltage V,, (complex
voltage vector) and a current I (complex current vector) out-
putted from the virtual synchronous generator.

FIG. 3 is a phasor diagram representing a relationship
among an induced voltage, a phase voltage (output voltage),
and a line current (output current (to be exact, a current
command value)) in the equivalent circuit of the virtual syn-
chronous generator of FIG. 2. In the phasor diagram, the
induced voltage B is a reference vector of the g-axis. Based
on the phasor diagram shown in FIG. 3, a relationship among
complex vectors is represented as shown below.

[Math. 3]
EFE,

f/g: ng+j ng
Ie=rs 1%, 3)
[Math. 4]

E/_ f/g:(E/_ ng) i ng

ErV =(rjx)(I* 4iT%)

@

In the equations (4), real parts are equal to each other, and
imaginary parts are equal to each other. Therefore, equations
below hold true.

(Ef V)i Ve (rT* =X ) (rT* 7+xI*,)

[Math. 5]
Ef = Vgq | r 1;
[ ~Ved }_[x r HIZ}

[1;}_ : i xHEf_V‘gq}
I r2ext|—x r —Vea

®
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Hereinafter, the control unit 12 of the power converter PC
is described by also referring to an equivalent block diagram
of FIG. 4. FIG. 4 is an equivalent block diagram when the
control unit 12 of the power converter PC performs control. It
should be noted that FIG. 4 shows an example of a specific
configuration of each block of FIG. 1 and an equivalent circuit
130 of a feedback path for feeding back a variation occurring
in the rotation angle 6 of the rotor of the virtual synchronous
generator. The equivalent circuit 130 will be described below
together with the operation of the power converter PC.

The algebraic expression (5) is represented by a control
block, such as a block 30 in the block diagram of FIG. 4. This
control block means that when the induced voltage E,and
output voltage vectors V, and V_, of the virtual synchronous
generator are given, command values (the d-axis current com-
mand value i,* and the g-axis current command value i_) of
current feedback control of a current-type inverter (the power
conversion unit 3) can be calculated. Accordingly, in the
present embodiment, the generator model unit 30 is config-
ured as a control model that performs arithmetic operation to
obtain the command values of the current feedback control by
using the algebraic expression (5) specified by the phasor
diagram of FIG. 3. Specifically, the algebraic expression (5)
specifies a relationship among the induced voltage E,of the
synchronous generator, the d-axis component V,, and the
g-axis component V., of the output voltage, the d-axis current
command value i,* and the g-axis current command value
1,*, and the winding reactance x and the winding resistance r
of the virtual armature of the virtual synchronous generator.
When the induced voltage E,and the d-axis component V_,
and the g-axis component V_ of the output voltage are input-
ted, the generator model unit 30 calculates the d-axis current
command value i,* and the g-axis current command valuei_*
that satisfy the algebraic expression (5).

The power generation torque arithmetic operation unit 40
calculates the power generation torque T, of the virtual syn-
chronous generator based on the induced voltage E, calcu-
lated by the AVR model unit 70 and the g-axis current com-
mand value i, *. Specifically, as shown in the equivalent block
diagram of FIG. 4, the power generation torque arithmetic
operation unit 40 performs arithmetic operation using an
equation shown below to obtain the power generation torque
T,. It should be noted that, in the equation below, w represents
a time differential value of a system voltage rotation angle 6.
In the present embodiment,  is a value set in advance.

T =(Ejw)xi,* 6

The power generation torque T, of the virtual synchronous
generator calculated in this manner is outputted to the rotation
angle arithmetic operation unit 50 as described above, and
used by the rotation angle arithmetic operation unit 50 for
calculating the acceleration torque T of the rotor of the virtual
synchronous generator. It should be noted that a current value
used in the equation (6) for calculating the power generation
torque T, may be a g-axis component i, of the output current
of the power conversion unit 3.

The va, vb, and vc of the output voltage of the power
conversionunit 3, which are detected by the voltage sensors 6,
are inputted to the voltage d-q conversion unit 60. The voltage
d-q conversion unit 60 calculates the d-axis component V,
and the q-axis component V_,, of the output voltage by using
the rotation angle 0 of the rotor of the virtual synchronous
generator, which is calculated by the rotation angle arithmetic
operation unit50. The ia, ib, and ic of the output current of the
power conversion unit 3, which are detected by the current
sensors 4, are inputted to the current d-q conversion unit 10.
The current d-q conversion unit 10 calculates a d-axis com-
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ponent i, and the g-axis component i, of the output current by
using the rotation angle 0 of the rotor of the virtual synchro-
nous generator, which is calculated by the rotation angle
arithmetic operation unit 50. Specifically, the voltage d-q
conversion unit 60 and the current d-q conversion unit 10
calculate V,, V., and i, i, respectively, by using equations
shown below.

Math. 6]

Vg0 Vg @

Ved | = Aogg| Vo |»

ARV ES 1/¥2
Aodg = \/; cosflg  cos(fg —2n/3) cos(Bp —4n/3)
sinfg  sin(0p — 27 /3) sin(0p — 41 /3)

It should be noted that va, vb, vc and ia, ib, ic represent the
output voltage and the output current of the power conversion
unit 3, and v, and i, are not used in arithmetic operation in the
present embodiment.

In this manner, the arithmetic operation using the equations
(7) is performed to calculate the d-axis component V,_, and
the g-axis component V,, of the output voltage and the d-axis
component i, and the g-axis component i, of the output cur-
rent.

Then, as described above, based on the d-axis component
V., and the g-axis component V,_, of the output voltage,
which are calculated by using the rotation angle 8, and the
induced voltage B, calculated by the AVR model unit 70, the
generator model unit 30 calculates the d-axis current com-
mand value i,/* and the g-axis current command value i,*,
such that a load current corresponding to the rotation angle 0
is outputted.

As shown in FIG. 1, the power conversion control unit 20
controls the power conversion unit 3 to output a current that
corresponds to the d-axis current command value 1;/* and the
g-axis current command value i,*, which are obtained
through the arithmetic operation by the generator model unit
30. Specifically, the power conversion control unit 20
includes adder-subtracters 21 and 22, PI control blocks 23
and 24, the d-q inverse transformation unit 25, and a PWM
generation unit 26. The adder-subtracter 21 subtracts the
d-axis component i, of the output current from the d-axis
current command value i,*. The d-axis component i,is input-
ted to the adder-subtracter 21 from the current d-q power
conversion unit 10, and the d-axis current command value i /*
is inputted to the adder-subtracter 21 from the generator
model unit 30. The adder-subtracter 21 outputs a d-axis error
current obtained from the subtraction to the PI control block
23. The PI control block 23 performs proportional-integral
compensation on the d-axis error current by means of a PI
regulator, and outputs the result to the d-q inverse transfor-
mation unit 25. The adder-subtracter 22 subtracts the g-axis
component i, of the output current from the q-axis current
command valuei_*. The g-axis componenti, is inputted to the
adder-subtracter 22 from the current d-q power conversion
unit 10, and the g-axis current command value i * is inputted
to the adder-subtracter 22 from the generator model unit 30.
The adder-subtracter 22 outputs a g-axis error current
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obtained from the subtraction to the PI control block 24. The
PI control block 24 performs proportional-integral compen-
sation on the g-axis error current by means of a PI regulator,
and outputs the result to the d-q inverse transformation unit
25. The d-q inverse transformation unit 25 performs d-q
inverse transformation on the d-axis error current and the
g-axis error current, on each of which the proportional-inte-
gral compensation has been performed, by using the rotation
angle 0 of the rotor, which is outputted from the integrator 55
of the rotation angle arithmetic operation unit 50, thereby
generating a current command, and outputs the current com-
mand to the PWM generation unit 26. The PWM generation
unit 26 converts the current command into a PMW control
signal, and outputs the PMW control signal to the power
conversion unit 3. In this manner, feedback control is per-
formed such that the output current of the power conversion
unit 3 becomes a current corresponding to the d-axis current
command value i,* and the g-axis current command value
i,*, which are obtained through the arithmetic operation by
the generator model unit 30.

[Operation]

Next, operations of the power converter PC configured as
above are described.

<General Operation>

In the power converter PC, the control unit 12 performs
arithmetic operation to obtain the rotation angle 0, of the
virtual synchronous generator in accordance with a deviation
of'the active power P outputted by the power conversion unit
3 from the active power command value P* and a deviation of
the angular velocity mz of the rotor of the virtual synchronous
generator from the angular velocity command value w*. The
control unit 12 also performs arithmetic operation to obtain
the induced voltage Eof the virtual synchronous generator in
accordance with a deviation of the reactive power Q outputted
by the power conversion unit 3 from the reactive power com-
mand value Q* and a deviation of the output voltage V of the
power conversion unit 2 from the voltage command value V*.
Then, the control unit 12 performs arithmetic operation to
obtain the current command values i,* and i,* in accordance
with the rotation angle 6 and the induced voltage E, and
performs feedback control such that the output current of the
power conversion unit 3 becomes a current corresponding to
the current command values i,* and i,*. Consequently, the
output current of the power conversion unit 3 is feedback-
controlled to be a current that causes the active power P, the
reactive power Q, the output voltage, and the angular velocity
of the output voltage to be equal to respective command
values.

In this manner, characteristics equivalent to those of a
power generator are realized in the power converter PC.
Moreover, the generator model unit 30 models a steady state
of the virtual synchronous generator by using a phasor dia-
gram, and thereby the characteristics equivalent to those of a
power generator are realized in the power converter PC. As a
result, the control system of the power converter is simplified
compared to a conventional complex generator model includ-
ing a differential equation called Park’s equation.

<Synchronizing Power>

Next, synchronizing power of the control unit 12 (virtual
synchronous generator) is described with reference to the
equivalent block of FIG. 4 and a phasor diagram of FIG. 5.

FIG. 5 is a phasor diagram representing a relationship
among an induced voltage, a phase voltage, and a line current
(an output current and a current command value) of the virtual
synchronous generator in a case where the rotation angle 6,
of the rotor has varied.
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With reference to FIG. 5, 6 represents an internal phase
difference angle of the virtual synchronous generator, and 0
represents a rotation angle of the system voltage (output
voltage). For example, assume that, during interconnection
with an electrical grid, the rotation angle 6 of the rotor of the
virtual synchronous generator has increased due to any exter-
nal disturbance, and consequently, the internal phase differ-
ence angle d has increased. In this case, based on the phasor
diagram of FIG. 5, V_, and V__ are represented by equations
shown below.

Vgq=Vexcos &

®)

Vga==Vgxsin &

©

V,sand 'V, in the equations (8) and (9) are represented in a
manner different from, but are equivalent to, V,, and V,,
calculated by the voltage d-q conversion unit 60.V_,and V_,
calculated by the voltage d-q conversion unit 60 are calcu-
lated from the phase voltages va, vb, and vc by using the
equations (7), and are used for actual control of the power
conversion unit 3. On the other hand, V,_, and V_, in the
equations (8) and (9) are derived from the phasor diagram of
FIG. 5, and are represented by using the internal phase dif-
ference angle 9, for the purpose of describing the synchroniz-
ing power. The internal phase difference angle 9 is not used
for the actual control of the power conversion unit 3. Based on
the equations (8) and (9), minute change components of V,
and V_, relative to a minute change in 8 are represented by
equations below.

Math. 7]

] (10)
AVy, = %(Vgcosé)Aé
= —V,sind- A
= Vi A

9 .
AVeg = %(— V,sind)AS
= —Vgcosd-AS
==V AS

Next, a description is given with reference to FIG. 4. In
FIG. 4, the block 130 indicates an equivalent circuit of a
feedback path for feeding back a variation occurring in the
rotation angle 0 of the rotor of the virtual synchronous gen-
erator.

A block 76 in the AVR model unit 70 is a transfer function
of a field magnet coil. The response of the transfer function is
slow. Accordingly, when considering the synchronizing
power of the control unit 12 (virtual synchronous generator)
in the equivalent block diagram of FIG. 4, the transfer func-
tion can be ignored since the influence of the field magnet coil
on the synchronizing power is small.

Ablock (5, 8) represents a transfer function of the circuit of
the output reactors 5 and the transformer 8 of FIG. 1. Here, R~
and L. represent the resistance and reactance of the output
reactors 5 and the transformer 8. The response speed of the
power conversion control unit 20 is fast. Accordingly, when
considering the synchronizing power, the transfer function
can be ignored since the influence of the resistance and reac-
tance on the synchronizing power is small. Therefore, as
described above, in the equation (6) used for the arithmetic
operation by the power generation torque arithmetic opera-
tion unit 40 to obtain the power generation torque T, the
g-axis current command value i,* is used.
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Under normal operating conditions of the power genera-
tor, V,_, is positive and V_, is negative as in the phasor
diagram of FIG. 5. In FIG. 4, dotted line arrows indicate
flows of positive values, and one-dot chain line arrows
indicate flows of negative values. At the time, a positive
power generator torque T, returns by passing along dotted
line arrows in FIG. 4, causing a decrease in the angular
velocity (rotation speed) w, of the rotor, which is calculated
by the rotation angle arithmetic operation unit 50. As a
result, the increase rate of 05 is reduced, which consequently
causes a decrease in 3. That is, the g-axis current command
value i,* increases, which causes an increase in power
generation torque and a decrease in acceleration torque of
the virtual synchronous generator. As a result, the rotation
angle of the rotor of the virtual synchronous generator
decreases.

Next, assume a case where 0 has decreased and 8 has
decreased in accordance with the decrease in 0. In this case,
in contrast to the above-described case, the angular velocity
(rotation speed) w, of the rotor is caused to increase.
Consequently, 9 is caused to increase for the same reason.
Thus, even if an external disturbance has occurred, there is
a tendency for 8 to keep taking a certain value. Therefore,
even if an external disturbance has occurred, the virtual
synchronous generator tends to maintain a certain rotation
angle of the rotor. That is, in the control unit 12, synchro-
nizing power is exerted in a manner similar to that of an
actual synchronous generator.

Thus, even if a phase variation has occurred in the power
system, the rotation angle of the rotor of the virtual syn-
chronous generator can be caused to follow the phase of the
voltage of the power system owing to the synchronizing
power. This makes continuous operation possible even with-
out a PLL circuit.

Embodiment 2

Next, Embodiment 2 of the present invention is described
with reference to FIG. 6 and FIGS. 7A and 7B. It should be
noted that the description of common features between
Embodiment 1 and Embodiment 2 is omitted, and only the
differences from Embodiment 1 are described below.

FIG. 6 is an equivalent block diagram when the control
unit 12 of a power converter according to Embodiment 2 of
the present invention performs control. Embodiment 2 is
different from Embodiment 1 in that, in Embodiment 2, the
control unit 12 further includes a power generation torque
damping unit 90 configured to damp the vibration of the
power generation torque T, calculated by the power genera-
tion torque arithmetic operation unit 40, and output the
power generation torque T, to the rotation angle arithmetic
operation unit 50.

In Embodiment 1, two integrators are present on a signal
transmission path and thereby a typical second-order lag
system is formed, i.e., a simple harmonic motion model. On
the other hand, an actual synchronous generator includes
damping winding between the rotor and the stator, thereby
obtaining a damping effect. In this respect, in the present
embodiment, a pseudo differentiation element is added to a
calculation result of the power generation torque by means
of the power generation torque damping unit 90 as shown in
FIG. 5. In the present embodiment, the damping unit is
configured as a phase lead compensator, which is repre-
sented as shown below.
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[Math. 8]

Ts
1+Ts

1+K an

FIGS. 7A and 7B are graphs each showing results of a
simulation by the power converter of the present embodi-
ment. Each graph shows temporal changes in a power
generator torque (represented by a dotted line), active power
(represented by a solid line), reactive power (represented by
a two-dot chain line), and an angular velocity (represented
by a one-dot chain line). As a comparative example, the
graph of FIG. 7A shows the results in the case of Embodi-
ment 1, which does not include the power generation torque
damping unit 90. The graph of FIG. 7B shows the results in
the case of the present embodiment. As shown in FIG. 7A,
in the comparative example, the vibration of the power
generation torque is great; the angular velocity is not con-
stant; and the reactive power is greater than the active power.
On the other hand, in the present embodiment, as shown in
FIG. 7B, the vibration of the power generation torque is
damped; the angular velocity is substantially constant; and
the active power is greater than the reactive power. It is clear
from these simulation results that, owing to the power
generation torque damping unit 90, virtual damping winding
of a synchronous generator is realized in the virtual syn-
chronous generator. Therefore, oscillation of the rotor of the
virtual synchronous generator is reduced, and thus a damp-
ing effect can be obtained.

Embodiment 3

Next, Embodiment 3 of the present invention is described
with reference to FIG. 8 and FIGS. 9A and 9B. It should be
noted that the description of common features between
Embodiment 1 and Embodiment 3 is omitted, and only the
differences from Embodiment 1 are described below.

FIG. 8 is an equivalent block diagram when the control
unit 12 of a power converter according to Embodiment 3 of
the present invention performs control. Embodiment 3 is
different from Embodiment 1 in that, in Embodiment 3, the
control unit 12 further includes voltage limiting units 100
and 110 configured to limit the values of the d-axis com-
ponent V_, and the g-axis component V_ of the output
voltage, which are fed to the generator model unit 30 via the
voltage d-q conversion unit 60, to predetermined values.

In Embodiment 1, if the system voltage varies greatly,
then parameters of the virtual synchronous generator will
change greatly, deviating from a range within which a power
generator operates stably. As a result, a step out occurs in a
manner similar to an actual power generator, becoming
unable to continue operating. Therefore, in the present
embodiment, a process described below is performed by
means of the voltage limiting units 100 and 110. Specifi-
cally, first, it is determined whether or not a conditional
expression (12) shown below holds true.

[Math. 9]
VP, 247,2<0.9 12)

Next, if the conditional expression (12) holds true, the
values of V_, and V__ are replaced by equations (13) and
(14) shown below.
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[Math. 10]

, 0.9
V,y= ————=V,

&9 &9
[y2 2
Veat Vg

[Math. 11]

a3

, 0.9
Voo = ———=Vea

2 2 &
N Vea+ Ve,

14

If the conditional expression (12) does not hold true, V,,
and V., of the voltage are not replaced (V_,/=V.,
V.,/=V,,) In this manner, regardless of an actual voltage
variation value, the process is performed as if the voltage
had varied by 0.9 times in the virtual synchronous generator.
For example, even if the remaining voltage is 20%, param-
eters in the virtual synchronous generator behave as if the
remaining voltage was 90%. Although in the present
embodiment the voltage variation is set to 0.9 times, the
voltage variation is suitably adjusted within a range not
greater than 1.

The inventors of the present invention conducted a simu-
lation using the power converter of the present embodiment.
FIG. 9A is a graph showing temporal changes in phase
difference, and FIG. 9B is a graph showing temporal
changes in u-phase current. In the simulation, a variation in
system voltage was caused to occur approximately 2.4
seconds after the start of the simulation. As shown in FIG.
9A, the phase difference diminished and became close to
zero approximately 3.2 seconds after the start of the simu-
lation owing to the synchronization function of the virtual
synchronous generator. As shown in FIG. 9B, an overcurrent
of the u-phase current temporarily occurred approximately 3
seconds after the start of the simulation. However, after 3.2
seconds from the start of the simulation, the u-phase current
was suppressed to fall within a rated range from —150 (A) to
150 (A) owing to the effect of voltage-limiting control by the
voltage limiting unit 100.

Thus, even if the system voltage (output voltage) has
varied greatly, parameter values of the virtual synchronous
generator are prevented from varying greatly to deviate from
the range within which a power generator operates stably.
This makes it possible to avoid the occurrence of a step out
and makes continuous operation possible. The present
embodiment adopts the above-described configuration that
includes the voltage limiting units 100 and 110 correspond-
ing to outputs from the voltage d-q conversion unit 60, and
the limiting of the output voltage is performed after d-q
conversion. However, an alternative configuration may be
adopted, in which the limiting of the output voltage is
performed before the d-q conversion.

Embodiment 4

Next, Embodiment 4 of the present invention is described
with reference to FIG. 10 and FIGS. 11A and 11B. It should
be noted that the description of common features between
Embodiment 1 and Embodiment 4 is omitted, and only the
differences from Embodiment 1 are described below.

FIG. 10 is an equivalent block diagram when the control
unit of a power converter according to Embodiment 4 of the
present invention performs control. Embodiment 4 is dif-
ferent from Embodiment 1 in that, in Embodiment 4, the
control unit 12 further includes a current limiting control
unit 120 configured to perform control to limit the d-axis and
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g-axis current command values calculated by the generator
model unit 30 to be within a predetermined range.

In the embodiments previously described, there is a
phenomenon in which the current at the time of voltage
variation becomes greater than the current in a steady state.
There may be a case where this overcurrent exceeds the
capacity of the power converter, rendering the power con-
verter unable to continue operating. Therefore, in the present
embodiment, as shown in FIG. 10, the current limiting
control unit 120 is provided with a current limiter for
limiting the current command values.

In the present embodiment, a current limit setting value
for i, is in the range of -0.5 pu to 0.5 pu, and a current limit
setting value for i, is in the range of -1.1 pu to 1.1 pu.

The inventors of the present invention conducted a simu-
lation using the power converter of the present embodiment.
FIG. 11A is a graph showing temporal changes in phase
difference, and FIG. 11B is a graph showing temporal
changes in u-phase current. In the simulation, a variation in
system voltage was caused to occur approximately 2.3
seconds after the start of the simulation. As shown in FIG.
11A, the phase difference diminished and became zero
approximately 3.2 seconds after the start of the simulation
owing to the synchronization function of the virtual syn-
chronous generator. In Embodiment 3 (the upper graph in
FIG. 10), no current limiting is performed. Therefore, an
overcurrent occurs temporarily. On the other hand, in the
present embodiment, the u-phase current is in the rated range
of =150 (A) to 150 (A) as shown in FIG. 11B.

According to the above configuration, even if a current
greater than the current in a steady state occurs at the time
of'voltage variation, the capacity of the power converter will
not be exceeded. This makes continuous operation with no
operation stop possible.

From the foregoing description, numerous modifications
and other embodiments of the present invention are obvious
to one skilled in the art. Therefore, the foregoing description
should be interpreted only as an example and is provided for
the purpose of teaching the best mode for carrying out the
present invention to one skilled in the art. The structural
and/or functional details may be substantially altered with-
out departing from the spirit of the present invention.

INDUSTRIAL APPLICABILITY

The present invention is applicable to a power converter
having an interconnected operation function of operating in
a manner to interconnect with an electrical grid.

REFERENCE SIGNS LIST

PC power converter

1 secondary battery

2 voltage sensor

3 power conversion unit

4 current sensor

5 output reactor

6 voltage sensor

7 filter capacitor

8 transformer

9 power distribution line of microgrid
10 current d-q conversion unit
11 load

12 control unit

13 virtual synchronous generator
14 microgrid controller

15 breaker
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16 power distribution line of commercial electrical grid

20 power conversion control unit

30 generator model unit

40 power generation torque arithmetic operation unit

50 rotation angle arithmetic operation unit

60 voltage d-q conversion unit

70 AVR model unit

80 governor and driving source model unit

90 power generation torque damping unit

100, 110 voltage limiting unit

120 current limiting unit

130 equivalent circuit of rotation angle variation feedback
path

The invention claimed is:

1. A power converter comprising:

a power conversion unit configured to convert DC power
inputted thereto into AC power, and output the AC
power to an output line connected to a power system;
and

a control unit configured to control the power conversion
unit such that the power conversion unit operates as a
virtual synchronous generator, wherein

the control unit includes:
an AVR model unit configured to perform arithmetic

operation, based on reactive power and an output
voltage that are outputted from the power conversion
unit to the output line, a reactive power command
value, and a voltage command value, to obtain an
induced voltage of the virtual synchronous generator
in accordance with a deviation of the output voltage
from the voltage command value;

a governor and driving source model unit configured to
perform arithmetic operation, based on active power
outputted from the power conversion unit to the
output line, an active power command value, an
angular velocity command value, and an angular
velocity of a rotor of the virtual synchronous gen-
erator, to obtain a driving torque of a virtual driving
source in accordance with a deviation of the angular
velocity from the angular velocity command value,
the virtual driving source driving the virtual synchro-
nous generator;

a power generation torque arithmetic operation unit
configured to perform arithmetic operation, based on
the induced voltage obtained through the arithmetic
operation by the AVR model unit and either a g-axis
current command value or a q-axis component of an
output current of the power conversion unit, to
obtain a power generation torque of the virtual
synchronous generator;

a rotation angle arithmetic operation unit configured to
perform arithmetic operation to obtain an accelera-
tion torque of the rotor of the virtual synchronous
generator in a manner to subtract the power genera-
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tion torque obtained through the arithmetic operation
by the power generation torque arithmetic operation
unit from the driving torque obtained through the
arithmetic operation by the governor and driving
source model unit, and perform arithmetic operation
based on at least the acceleration torque and inertia
of the rotor of the virtual synchronous generator to
obtain the angular velocity and a rotation angle of the
rotor of the virtual synchronous generator;

a voltage d-q conversion unit configured to perform
arithmetic operation, with use of the rotation angle
obtained through the arithmetic operation by the
rotation angle arithmetic operation unit, to obtain a
d-axis component and a g-axis component of an
output voltage of the power conversion unit;

a generator model unit configured to perform arithmetic
operation, with use of an algebraic expression that is
specified by a phasor diagram representing a rela-
tionship among an induced voltage, a phase voltage,
and a line current of a synchronous generator, and
based on the induced voltage obtained through the
arithmetic operation by the AVR model unit and the
d-axis component and the q-axis component of the
output voltage obtained through the arithmetic
operation by the d-q conversion unit, to obtain a
d-axis current command value and the g-axis current
command value corresponding to a d-axis compo-
nent and a g-axis component of an armature current
of the virtual synchronous generator; and

a power conversion control unit configured to control
the power conversion unit to output a current corre-
sponding to the d-axis current command value and
the g-axis current command value obtained through
the arithmetic operation by the generator model unit.

2. The power converter according to claim 1, wherein

the control unit further includes a power generation torque
damping unit configured to damp a vibration of the
power generation torque obtained through the arithme-
tic operation by the power generation torque arithmetic
operation unit, and output the power generation torque
to the rotation angle arithmetic operation unit.

3. The power converter according to claim 1, wherein

the control unit further includes a voltage limiting unit
configured to limit values of the d-axis component and
the g-axis component of the output voltage, which are

fed to the generator model unit via the voltage d-q

conversion unit, to predetermined values.

4. The power converter according to claim 1, wherein

the control unit further includes a current limiting control
unit configured to perform control to limit the d-axis
and g-axis current command values obtained through
the arithmetic operation by the generator model unit to
be within a predetermined range.
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